Our aim was to reveal the relationship between layer IV horizontal connections and the functional architecture of the cat primary visual cortex because these connections play important roles in the first cortical stage of visual signals integration. We investigated bouton distribution of spiny neurons over an orientation preference map using in vivo optical imaging, unit recordings, and single neuron reconstructions. The radial extent of reconstructed axons (14 star pyramidal and 9 spiny stellate cells) was~1.5 mm. In the vicinity of the parent somata (<400 mm), boutons occupied chiefly iso-orientations, however, more distally, 7 cells projected preferentially to non--iso-orientations. Boutons of each cell were partitioned into 1--15 distinct clusters based on the mean-shift algorithm, of which 57 clusters preferred iso-orientations and 43 clusters preferred cross-orientations, each showing sharp orientation preference ''tuning.'' However, unlike layer III/V pyramidal cells preferring chiefly iso-orientations, layer IV cells were engaged with broad orientations because each bouton cluster from the same cell could show different orientation preference. These results indicate that the circuitry of layer IV spiny cells is organized differently from that of iso-orientation dominant layer III/V cells and probably processes visual signals in a different manner from that of the superficial and deeper layers.
Introduction
In the primary visual cortex, long-range horizontal connections are known to link remote regions with similar functional characteristics up to several millimeters distant. Based on these characteristics, they have been assumed to mediate receptive field (RF) interactions, for example, integrating visual object contour elements and processing figure-ground segmentation of complex scenes (Gilbert 1992; Field et al. 1993; Kapadia et al. 1995; Salin and Bullier 1995; Gilbert et al. 1996; Fitzpatrick 2000; Li 2001; Schmidt and Lo¨wel 2002; Douglas and Martin 2004) . Functional--anatomical data obtained from superficial layers of cat, tree shrew, and monkey visual cortices support such a view because many of the connections in layer II/III showed marked iso-orientation specificity (Gilbert and Wiesel 1989; Malach et al. 1993; Fitzpatrick 1996; Yoshioka et al. 1996; Bosking et al. 1997 Bosking et al. , 2002 Kisva´rday et al. 1997; Schmidt et al. 1997 ; Buza´s et al. 2006 ; but see also Matsubara et al. 1985 Matsubara et al. , 1987 ).
An additional characteristic structural feature of lateral connections is that they are composed of spatially constrained bouton clusters, whose interval roughly matches the size of functional columns. This feature has been observed consistently for cell populations Bosking et al. 1997; Angelucci et al. 2002; Lund et al. 2003) as well as for single pyramidal cells Wiesel 1983, 1989; Martin and Whitteridge 1984; Kisva´rday and Eysel 1992; Binzegger et al. 2007 ; for review, see Douglas and Martin 2004) , but the significance of bouton clustering and the functional role they serve remains elusive.
Many of the above features of long-range connections have been extensively studied in layer II/III. However, little comparative data exists for deeper layers as to whether the connections here are organized similarly to their upper layer counterpart or clustered in the same way. In this regard, knowledge about the lateral connectivity of layer IV would be particularly useful because this layer receives first-order visual information from the dorsal lateral geniculate nucleus (dLGN) (LeVay and Gilbert 1976; Gilbert 1983; Boyd and Matsubara 1996; Kawano 1998) and presumably a number of cortexspecific RF attributes, such as orientation and direction preference are generated here (Gilbert 1977) , which are then relayed to layer II/III and thence to deep layers (for review, see Martin 1991, 2007) . Consequently, layer IV connections have an important bearing on the function of the entire cortical circuitry, for example, a cortical recurrent circuit involved in layer IV can amplify the signal arriving from dLGN (only~6% of all connections to layer IV cells originate from dLGN; Peters and Payne 1993; Ahmed et al. 1994; Douglas and Martin 2007; da Costa and Martin 2009) .
Whereas the local synaptic connections related to layer IV cells have been revealed by in vivo and in vitro studies (Hirsch 1995; Hirsch et al. 1998; Tarczy-Hornoch et al. 1998 Bannister et al. 2002; Thomson et al. 2002; Bannister and Thomson 2006) , little is known about layer IV long-range connections in relation to functional architecture. In this regard, Rockland and Lund (1983) reported the existence of periodic lateral connections in layer IV of primates. Further details became available by Yousef et al. (1999) , who carried out functional mapping of layer IV connections and showed that they are more restricted laterally, less clustered (patchy), and have only a weak bias to iso-orientations relative to those of layer II/III. However, more recent investigations performed in the ferret (Roerig et al. 2003 ) and tree shrew (Mooser et al. 2004 ) revealed a quite different organization scheme of population of the layer IV circuitry, demonstrating clear isoorientation selectivity and collinear arrangement of the connections. Importantly, the bulk of the above data is derived from labeling large populations of layer IV neurons, whereby the connectivity of individual neurons remained unclear. This study aimed to reveal and disentangle functional connectivity of single layer IV spiny neurons and compare their axon arbor structure with functional orientation maps using intrinsic signal optical imaging and single cell reconstruction. The results showed that 1) the axonal distribution of layer IV spiny cells differed significantly from that of layer III and V cells due to the relatively high occurrence of non--iso-orientation connections established by layer IV cells and 2) that each bouton cluster of the same layer IV cell was tuned to a narrow range of orientation. This contrasts sharply to the overall isoorientation preference of bouton clusters of layer II/III and layer V cells. The functional significance and putative role of such a layer IV lateral connectivity is discussed. Part of the results appeared earlier in abstract form (Karube and Kisva´rday 2006) .
Materials and Methods
Three adult cats (2.3--3.3 kg) were used in this study. All experiments were performed according to institutional (Local Committee at the University of Debrecen) and governmental requirements (Hungarian Enactment of the Protection of Animals [1998.XXVIII.] Section 4) and the guidelines of the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg, 18.III, 1986) .
Animal Surgery
Anesthesia was induced by intramuscular injection of a mixture of ketamine (7 mg/kg of Ketavit, Pharmacia and Upjohn GmbH) and xylazine (1 mg/kg of Primazin, Alfasan). To prevent the corneas from drying out, eye drops of Isopto-Max (Alcon Pharma GmbH) and neutral contact lenses were applied. All surgical wounds and pressure points were treated with the topical anesthetic Lidocaine (xylocaine gel, Astra Chemicals). Afterward, a tracheal cannula and a femoral arterial catheter were inserted. To maintain stable ventilation, a mixture of N 2 O/O 2 (70%/30%) gas containing 0.3--0.6% halothane was supplied (10--13 strokes/min, 50--70 mL/stroke) by a respirator (Eurim Pharm Arzneimittel GmbH). For muscle relaxation and nutrition, a mixture of alcuronium chloride (0.15 mg/kg/h of Alloferin, ICN Pharmaceuticals Germany GmbH) and glucose (24 mg/kg/h) diluted in Ringer solution was infused through a femoral arterial catheter. Blood pressure (100--135 mmHg), expired CO 2 (3.8 ± 0.3%), and body temperature (~38.5°C) were continuously monitored and controlled throughout the experiments. Craniotomy was performed in the posterior part of both hemispheres to expose area 18 of the visual cortex (Horsley--Clark coordinates anteroposterior [AP] : (-5 [Tusa et al. 1978 [Tusa et al. , 1979 ). A metal chamber (diameter, 30 mm) was affixed to the skull over the craniotomy using dental cement (Paladur, Heraeus Kulzer) and small bone-screws. The nictitating membranes were retracted with 5% phenylephrine hydrochloride (Neosynephrin-POS, Ursapharm) and the pupils dilated with 1% atropine sulfate (Atropine-POS, Ursapharm). The eyes were fitted with appropriate correction lenses to focus on a monitor screen (GDM-F520, Sony Electronics Inc.), which was placed at a viewing distance of 28.5 or 57 cm. During the experiments, the eye position was repeatedly checked on the basis of tapetal back projection of retinal blood vessels.
Optical Imaging of Intrinsic Signals
Optical imaging was carried out to map the central visual representation of area 18 (Horsley--Clarke coordinates AP, 0--12 and LM, 0.5--3.5). The dura mater was removed and the chamber filled with silicone oil (50 cSt viscosity; Aldrich) and then sealed with a cover glass. The size of imaged area was approximately 4 3 8 mm (192 3 384 pixels, 186 3 378 pixels, and 192 3 372 pixels for the 3 animals, respectively). The vascular pattern of the cortical surface was imaged using green light (k = 545 ± 10 nm). During imaging of intrinsic signals, the cortex was illuminated with orange light (k = 609 ± 5 nm) using fiber optic cables fitted with an adjustable head-lens and a halogen light source. Intrinsic signals were recorded with a CCD camera (CS8310C, Tokyo Electric Industry Inc.) in slow-scan mode. A ''tandem lens'' of 2 objectives (SMC Pentax A 1:1.25, 50 mm) was attached to the camera. During data acquisition, the camera was focused 700 lm below the cortical surface. Data acquisition was controlled by computer using Imager 2001 and VDAQ software (Optical Imaging Inc.). For visual stimuli, full-field square wave gratings with high contrast were used at 4 (for mapping ocular dominance) or 8 (for mapping orientation preference) equally spaced orientations that moved back and forth (bidirectional drift) along the orthogonal axis of the orientation. The stimuli were generated by VSG Series Three (Cambridge Research System). The mean luminescence of the stimuli, including the blank, was 13 lux at 28.5 cm from the monitor. Spatial and temporal frequency of the stimuli were optimized for area 18 (Movshon et al. 1978; Orban 1984) . Each stimulus was presented 25--56 times in a pseudorandom manner. Either a blank screen or a stationary image of the next stimulus was presented during an interstimulus interval of 10 s. Image acquisition commenced 1000 ms after stimulus onset and lasted for 4500 ms, during which 10 data frames were collected. Finally, the camera frames underwent spatial summation (2 by 2 image pixels were binned together) that provided a spatial resolution of 21.28 lm per image pixel. Typically, the imaged area showed characteristics of area 18, preferring low spatial frequency ( <0.2 cycle per degree) and high temporal frequency ( >1 Hz). In addition, the resulting map showed elongated orientation domains characteristic of area 18 Bonhoeffer and Grinvald 1993; Bonhoeffer et al. 1995; Ohki et al. 2000; Shmuel and Grinvald 2000) .
Electrophysiological Recordings
After optical imaging, single-unit and multiunit responses to visual stimulation were recorded extracellularly to define the minimum response field, preferred orientation, and direction of the RF. RF characteristics were qualitatively plotted on a flat monitor screen for either eye separately using hand-held stimulation. For recordings, glass electrodes (8--10 lm tip diameter) filled with 0.5--1 M NaCl were used (~5 MX). The pipettes were advanced perpendicularly to the cortical surface using a manual micro drive fitted with a digital depth meter (Sylvac SA). In a track, units were recorded from multiple depths (200--1200 lm) and the RF properties in the same track did not show any big differences. To stabilize recordings, the chamber was filled with 3% agar or low-melting point paraffin (~43°C, Merck) after advancing the electrode into the cortex. Signals were amplified by AxoClamp-2A (Axon Instruments) and filtered (0.3--10 kHz). Spike activity was monitored using a window discriminator (World Precision Instruments Inc.) coupled to an audio monitor. Again, the recorded units preferred high moving speed and had a large minimum discharge field (average: 7.1 ± 3.1 degree of diagonal length, N = 29), being consistent with characteristics of area 18 cells (Buza´s et al. 2003) .
Tracer Injection, Histology, and Neuron Reconstruction In the examined cortical region, small extracellular tracer injections were made in layer IV. The number of injections was 6, 8, and 10 in each animal, respectively. Mean separation between nearest neighbor injections was 1098 ± 275 lm (N = 24 injections). Here, 1--2% biotinylated dextran amine (BDA, 10 000 MW, Molecular Probes Inc.) or biocytin (Sigma-Aldrich), diluted in 0.5--1 M NaCl were injected using glass micropipettes (8--10 lm tip diameter). In some cases, after unit recordings, BDA or biocytin was injected thorough the same electrode. Thus, we could confirm and visualize the position and approximate depth of recordings. For injection, a positive 0.8 lA square wave current was applied for 20 min (250 ms ON/250 ms OFF) at a depth of~700 lm. Then, to help aligning the histological sections with optical imaging maps, 5--8 reference penetrations were made using empty glass pipettes (~20 lm of tip diameter) at stereotaxically determined locations ( Fig. 1A ; for details, see Buza´s et al. 1998 ). In the end of the in vivo experiments, the animals received a lethal doses of anesthetic and were perfused via the heart with Tyrode's solution (~3 min) followed by 2 L of a fixative containing 2% paraformaldehyde (Merck) and 0.1% glutaraldehyde (Merck) in 0.1 M phosphate buffer (PB, pH 7.4). After removing the brain, tissue blocks of the regions of interest were dissected and 80-lm thick section cut on Leica S-1000 vibratome (Leica Microscopie und Systeme GmbH). The sectioning plane was set tangential to the imaged cortical surface. During all histological procedures, the sections were kept at 4°C. Sections were washed in PB for 3 3 10 min and treated with 1% H 2 O 2 (in PB) for 30 min, then washed in 0.05 M Tris buffered saline (TBS) for 3 3 10 min. and incubated overnight in avidin--biotin--complexed HRP (ABC-Elite [Vector] at 1:200 dilution in 0.05 M TBS containing 0.1% Triton X). After washing with TBS (2 3 10 min) followed by washing with TB once, the sections were incubated in 0.05% of 3,3-diaminobenzidine (DAB, Sigma-Aldrich) in TB containing 0.0025--0.005% CoCl 2 . DAB was visualized in the presence of H 2 O 2 (0.01% at final concentration). The sections were then washed in TBS (3 3 10 min) and in PB and postfixed in OsO 4 (1% in 0.1 M PB, 45 min, Sigma-Aldrich). Finally, they were dehydrated in an ascending concentration of ethanol series and propylene oxide (Merck) and then embedded in resin (Durcupan, Sigma-Aldrich) on slides (Somogyi and Freund 1989) . Labeled single cells in layer IV with typical excitatory cell morphology, such as obvious spiny dendrites (Fig. 2B,C) , were selected and reconstructed at 31000 magnification using a Leitz DMRB microscope (Leica) fitted with a neuron reconstruction system, Neurolucida (MicroBrightField Inc.). Adjoining sections were aligned using cut ends of corresponding labeled neuronal processes, for example, axons which were traced from one section to neighboring sections. For aligning sections, at least 3 such pairs of processes were used and fitted on the basis of the least-square algorithm (for details, see Buza´s et al. 1998; Yousef et al. 1999) . Then, the cell reconstructions were aligned with high precision against corresponding optical images using small reference penetrations (Fig. 1A) , each of which corresponded to a small tissue scar of about 20--80 lm in the sections. The most superficial section (comprising the pia mater) containing reference penetration was used for aligning the histological reconstruction with the optical image. For alignment, only linear transformation (scaling, shift, and rotation) was applied to reconstructions, without any warping at all. In this way, a high precision match was achieved with a maximum deviation (alignment error) of 3 image pixels or 64 lm (see Buza´s et al. 1998) . To prove the reliability of our experiment, we compared the orientation distribution of boutons among 3 animals used here and found no significant difference (P > 0.1 tested by analysis of variance; Supplementary Fig. 1B ). In addition, our single cell data reported here matches well previously reported population data (Yousef et al. 1999 ) (see Supplementary Fig. 1C ). Tissue shrinkage was corrected before analysis by measuring reference penetration intervals in vivo (marking the entry points of reference penetrations on the vascular image) and in the histologically processed sections. For the 3 cases, the shrinkage factor ranged between 93% and 96%.
Data Analysis
All data are given as mean ± standard deviation, unless otherwise noted.
Statistical significance between data groups was examined by a Wilcoxon rank sum test for numerical data and by a Fisher's exact test for categorical data.
Optical imaging data was analyzed using the Mix software (Optical Imaging Inc.) and custom-made programs written in IDL (Research Systems Inc.) and MATLAB (The MathWorks Inc.). To calculate single condition maps (SCMs), images recorded with a particular orientation were summed and then divided by the sum of images for all stimulus conditions including the blank (cocktail blank, see Bonhoeffer and Grinvald [1996] ). To reduce low-frequency noise due to uneven illumination and surface blood vessels, SCMs were first high-pass filtered (50-pixel kernel size), then smoothed by low-pass filter (boxcar filter, 5-pixel kernel size). Orientation maps were calculated from filtered SCMs using the vector summation method, and for displaying the results, the data were interpolated (Blasdel and Salama 1986; Bonhoeffer and Grinvald 1991) . Parts of maps, typically at the edge of images and around large blood vessels, were masked out and not included in data analysis. Quantitative evaluation of orientation data was made on the basis of 10 degree binning of orientation values. In this way, the results could be directly compared with our previously published data on orientation selectivity of connections.
Morphological parameters of single cells (e.g., total axon length) were derived using MATLAB and NeuroExplorer (MicroBrightField). For determining the average interbouton interval, the median was used instead of mean due to the highly skewed nature of the frequency distribution (see Karube et al. 2004) .
Cortical layers were determined on the basis of relative neuron and fiber densities, soma size, and the presence of layer-specific cell types, for example, large pyramidal cells at the layer III/IV border and in layer V (O'Leary 1941; Otsuka and Hassler 1962; Harvey 1980) . It should be noted that due to horizontal sectioning and the lack of counterstaining, not all laminar borders could be unequivocally discerned. For example, the zone between layers V and VI containing small pyramidal cells did not allow a high precision localization of the laminar border. Only a small proportion of the boutons of reconstructed cells (0.8, 1.7, 2.9, 4.9, and 7.4% of total boutons in 5 cells, respectively), which were found in the marginal zone of the imaged region, were excluded from quantitative analyses in regard to orientation preference. Angle differences (Dori) of preferred orientations between the parent somata and the emitted boutons were calculated and displayed in 10 degree bins. For comparing the results with previously published findings, Dori was binned into 3 categories representing iso-(0°--30°), oblique-(30°--60°), and cross-orientation (60°--90°) (Kisva´rday et al. 1994) .
Cluster Analysis by the Mean-Shift Algorithm Bouton clustering of single cells was determined by partitioning the 3D bouton distributions using a custom-made program written in MATLAB based on the mean-shift algorithm (Binzegger et al. 2007 ). We selected the appropriate kernel size for the mean-shift algorithm based on the Dendrites and somata are drawn in black and axons in gray. Note that SP cells emit a slender apical dendrite that invariably enters layer III, whereas the entire dendritic field of SS is confined to layer IV. Drawings were rotated to show horizontal extent of axons. Scale bar 5 100 lm in A, 50 lm in B, 10 lm in C, and 500 lm in D.
similarity index (SI, Gusfield 2002; Giurca˘neanu and Ta˘bus x 2004; Binzegger et al. 2007 ). Briefly, the kernel size was set to 10 lm in the first calculation and then increased in 5-lm steps. Then, SI between each consecutive calculation was obtained as 1 -m/(u -1), where m is the minimum number of points to be eliminated for making 2 partitions equal, and u is the number of total boutons. Finally, we specified the kernel size (k) that provides stable SI ( >0.975 for longer than 15-lm range. see Supplementary Fig. 2 ).
It should be noted that part of the analysis differed from that of Binzegger et al. (2007) . First, we did not apply any pretreatment of the raw data, such as Gaussian filtering or excluding linear portions of the bouton clouds. Instead, we considered the entire bouton distribution of the cells as a ''morphofunctional unit'' and hence used all boutons for the cluster analysis. Second, during calculation, we simply used the distance between the centers of bouton clusters, k/2, as threshold for judging whether neighboring clusters should be merged or kept separate. Third, we used 10 -3 k as the stop threshold of the mean-shift algorithm. Finally, it should be noted that although the analysis applied here resulted in a relatively larger number of clusters per cell than in the study of Binzegger et al., our algorithms and the applied calculations were much simpler to use and basically providing similar results ( Fig. 6 ; Supplementary Fig. 4 ).
Basic Parameters of Bouton Clusters
We measured the following parameters for bouton clusters: 1) number of clusters per cell; 2) spatial extent of individual clusters, which was calculated as the mean diameter of 3 perpendicular axes of individual clusters using principal component analysis of 3D bouton distribution; 3) number of boutons within individual clusters; 4) rank of each cluster, which represented the order of clusters as sorted by the number of boutons (for each cell, rank 1 cluster contained the largest number of boutons); 5) weight of each cluster, equivalent to the relative proportion of boutons per cluster to all boutons of the parent cell; 6) distance between soma location and the center of individual clusters; and 7) weighted proportion of iso-(W i ) and cross-orientation preferred boutons (W c ) was calculated as
where N i (N c ) is the number of iso-(cross-) orientation preferred boutons in a given cluster and N b represents the total number of boutons of the parent cell. For comparison, we also analyzed the bouton distribution of 4 layer III and 2 layer V pyramidal cells published previously (for details, see Buza´s et al. 2006) .
Results

Combination of Optical Imaging, Unit Recording, and Single Cell Reconstruction
To investigate the functional topography of layer IV spiny cells, a combination of optical imaging, tracer injections, and unit recordings were used in 3 animals (Figs 1 and 2) . First, we compared the orientation preference determined by optical imaging and by unit recording to confirm the reliability of our methods. Examples of comparison are shown for one animal in Figure 1A ,B. Here, unit activity was recorded from 6 cortical locations (numbered as 1--6 in Fig. 1A ,B) and overlaid on the orientation preference map obtained by optical imaging (Fig. 1A 2 ) . In this way, we could confirm that the preferred orientation measured by optical imaging did not differ from that obtained by unit recordings in all 3 animals (N = 29, Fig. 1C ). Importantly, there was strong correspondence between the 2 types of measurements, even at marginal zones of flat regions of the cortex. Additionally, we recorded unit activities from multiple depths of each recording track (200--1200 lm from the cortical surface) and found that preferred orientation and RF positions changed very little along the same track (data not shown). Thus, within the sampled region of the flat part of area 18, cortical orientation columns would span the entire cortical thickness, in agreement with earlier data (Hubel and Wiesel 1963; Murphy and Sillito 1986 ). For single cell reconstruction, we selected labeled cells only from the flat region of the cortex (see Supplementary Fig. 1 ) where the orientation map was continuous and stable ( Fig. 1A) and precise alignment between optical images and cell reconstruction was feasible. Because a dense core of tracer injection can prevent tracing of fine axon collaterals, we selected neurons relatively far from the injection sites whose dendrites did not overlap at all with the injection core ( Fig. 2A) .
Morphological Comparison between Layer IV Cell Types
We reconstructed 23 spiny neurons in layer IV (Fig. 2B,C) , which were divided into 2 major morphological types based on apical dendrite morphology. Commonly, layer IV cells with an apical dendrite are divided into pyramidal and star pyramidal (SP) cell types, the latter being characterized by a relatively short and slender apical dendrite (Lorente de No´1922; O'Leary 1941; Lund et al. 1979; Lund 1984; Martin and Whitteridge 1984; Anderson et al. 1993; Matsubara et al. 1996) . In our cell population, apical dendrites always lacked profuse branching and had neither terminal tufts nor entered into layer I (Fig. 2D) . We considered these 14 cells as SP cells and the remaining 9 layer IV spiny cells lacking a clear apical dendrite, as spiny stellate (SS) cells (Fig. 2D) . It should be noted that some of the SP had only a very simple and short apical dendrite, which invariably entered into layer III (Lund et al. 1979; Lund 1984; Martin and Whitteridge 1984) . Our sample did not contain typical pyramidal cells, which are known to be less numerous in layer IV (Lorente de No´1922). With regard to the axonal fields, for all cells reconstructed here, the main axon issued from the lower pole of the cell body and the recurrent collaterals ramified in layer IV and neighboring layers (see details below). Table 1 summarizes the basic morphological parameters of SP and SS types. For comparison of dendrite morphology, a major dendrite issued from the upper pole of the cell body was distinguished as an apical dendrite in SS cells. The apical dendrite of SP was longer than that of SS (P < 0.05), although the number of branches of the apical dendrites was not significantly different between the 2 cell types. The basal dendrites of these types showed very similar properties in terms of length, number of primary trees, and branching frequency, as well as spatial extent. On average, a 200-lm radius sphere centered on the parent soma contained 97.8 ± 0.3% of basal dendrites (N = 23 cells). The axon length was longer for SS than SP, and the total number of boutons was also larger for SS (P < 0.05). However, bouton density and interbouton interval did not significantly differ between both types (P = 0.06 and 0.11, respectively, see Table 1 ). The maximum horizontal extent (parallel to cortical surface) of SP and SS axons was very similar. On average, each axon extended 1.5 mm horizontally from the parent soma, which was greater than the mean periodicity of the corresponding orientation maps along the AP axis (mean, 0.93 mm). Hence, SS and SP cells differed from each other by only a few morphological parameters, and their axons connected relatively distal cortical locations.
Bouton Distribution Over Orientation Map
In the superficial layers of the visual cortex, excitatory connections are known to link regions representing similar orientation preference (Bosking et al. 1997; Kisva´rday et al. 1997; Schmidt et al. 1997; Sincich and Blasdel 2001; Chisum et al. 2003) . We examined whether horizontal connections of layer IV cells establish connections in a similar or dissimilar manner. Because layer IV represents one of the main inputs to layer III, which in turn projects to layer V, we wanted to know whether layer III/V cells follow a similar distribution of boutons to iso-and cross-orientation. For this task, we used reconstructions of 4 layer III and 2 layer V pyramidal cells published previously (Buza´s et al. 2006) . First, we determined the orientation preference of all boutons of individual cells on the basis of pixel positions in the orientation map and calculated their orientation difference from that of the parent soma (Dori). For a simple comparison, Dori values were grouped into 3 categories, iso-(±0°-30°), oblique-(±30°-60°), and cross-(±60°-90°) orientations (Kisva´rday et al. 1994) . As shown in Figure 3 , each cell had a clear peak of bouton occurrence at iso-orientations, however, some cells had additional peaks at other orientations, including cross-orientations. We calculated the proportion of boutons within the iso-, oblique-, and cross-orientation regions (pixel) for each layer IV cell. The data averaged across all cells showed that 52 ± 18% of boutons were in iso-, 22 ± 10% in oblique-, and 26 ± 15% in cross-orientations. We called these boutons, respectively, iso-, oblique-and cross-orientation preferred boutons.
By comparing the above findings regarding the orientation distribution of layer IV cells with that of layer III/V cells, we found that the latter cell population displayed stronger iso-orientation bias without large peaks at cross-orientations (see Supplementary Fig. 3 ). Importantly, their overall orientation distribution (62 ± 11% in iso-, 23 ± 9% in oblique-, and 15 ± 4% in cross-orientations) differed statistically from that of layer IV cells (P < 0.01 by Fisher's exact test).
The orientation preference of connections must depend on 2 important factors. One factor concerns axon arborization pattern and the other factor concerns the structure of the orientation map. We wanted to know whether the orientation distribution of boutons analyzed here differs significantly from the orientation distribution of image pixels within the area of axon termination. Therefore, we calculated Dori of all pixels (Dori-p) within a circle centered at the parent soma whose radius equaled the lateral extent of the axon. Then, the proportion of pixels representing iso-, oblique-, and crossorientations was compared with that obtained for boutons. For all layer IV cells, a significant difference was found between Dori and Dori-p ( Fig. 3B ; P < 0.01 for 22 cells and P = 0.011 for the remaining 1 cell), suggesting some kind of inherent ''orientation bias'' of bouton distribution. The majority of cells (10 SP and 6 SS) displayed significant bias (P < 0.01) toward isoorientation (iso-orientation preferred cell). Furthermore, 9 isoorientation preferred cells had a large peak at iso-orientations (7 SP and 2 SS), whereas the other 7 iso-orientation preferred cells showed more broadly tuned orientation distribution (3 SP and 4 SS). On the other hand, significant (P < 0.01) crossorientation preference of the connections was encountered for 5 cells (2 SP and 3 SS) and oblique-orientation preference for the remaining 2 cells (2 SP). Examples of bouton distributions corresponding to the above groups are shown in Figure 3C . These findings suggest that at least one third of layer IV excitatory connections are biased toward non--iso-orientations (Fig. 3A) . For oblique-and cross-orientation preferred cells, a smaller proportion of boutons was found at iso-orientation sites (the proportion of boutons at iso-orientation sites was 59.7 ± 16.1% for iso-, 40.9 ± 0.2% for oblique-, and 32.8 ± 6% for cross-orientation preferred cells). Clearly, this is in line with the population data obtained previously for the layer IV circuitry (Yousef et al. 1999 ) by which weak orientation selectivity of layer IV connections was reported. Here, it was revealed that individual cells showed orientation selective bouton distribution and the selectivity largely differed among cells. Between the SP and SS cells, the orientation distribution did not differ significantly from each other (Fig. 3A) . It should also be noted that the above calculations were carried out for all boutons without distinguishing proximal versus distal projections, which we will discuss later.
The structure of the orientation map in cat area 18 is known to be anisotropic, containing pinwheel centers and linear zones (Bonhoeffer and Grinvald 1993) . To check whether the location of the cell body within the orientation map can affect the orientation preference of boutons, we calculated the magnitude of the local orientation gradient in order to express the stability of the orientation map in the vicinity of the parent soma. If a cell was in the middle of an orientation domain, the gradient would be small. The results showed no correlation between the orientation gradient values at the soma location and the proportion of iso-orientation preferred boutons (P = 0.53, R 2 = 0.019). It suggests little effect of the soma location on the orientation bias of bouton distribution.
Lateral Distribution of Boutons and Orientation Preference
We examined the relative frequency distribution of boutons as a function of distance from the parent soma in order to measure the spatial characteristics of the connections (Fig. 4A) . Iso-orientation preferred cells often had large peaks close to the soma and only smaller peaks away from the soma location. . Peaks of bouton distributions appeared at several hundreds lm intervals for each cell. Non--iso-orientation preferred cells tended to have relatively large peaks beyond 400 lm. (B) Proportion of iso-(gray) and cross-(white) orientation preferred boutons plotted against lateral distance from soma location. Less than 400 lm from the parent soma, boutons represented chiefly iso-orientation preference, whereas cross-orientation-preferred boutons became dominant beyond 400 lm. In addition, the proportion of boutons became very small beyond 1100 lm. Accordingly, the boutons were divided into local (proximal) and distal ones (see text).
Cross-and oblique-orientation preferred cells had typically larger proportion of boutons 500--2000 lm from the soma.
For the majority of cells, the bouton distributions showed a gradual decrease from the soma location with small peaks at distal locations. In order to determine the average periodicity of these peaks, each curve was fitted with the composite of a decaying exponential and a sine function. The mean R 2 of the fit was 0.86 ± 0.14 for 22 cells (range, 0.54--0.99). For 1 cell, no reasonable fit could be obtained. The coefficient of the sine function represented the spatial frequency of bouton distributions (range, 312--1572 lm; mean, 720 ± 348 lm), which varied considerably among cells. The findings indicate the boutons of both layer IV spiny cell types examined here are organized periodically with respect to cortical distances. Next, we examined the relationship between orientation preference and lateral distance from the parent soma. To this, all 42 083 boutons reconstructed for the 23 single cells were analyzed as a population. The ratio of iso-or cross-orientation preferred boutons to all boutons was determined and displayed as a function of distance from soma location (Fig. 4B ). This figure represents that the proportion of iso-orientation preferred boutons decreased steeply as a function of the distance from the parent soma and around 400 lm away from the soma, it almost reached a minimum plateau. The same tendency could be also observed for layer III/V cell population (see Supplementary Fig. 3C ). Hence, the boutons were assigned as proximal if their lateral distance from soma location was smaller than 400 lm (comparing with the spatial dimension of single cell, it is approximately equal to the diameter of dendritic fields) and as distal if their lateral distance was 400 lm or larger. It was found that <400 lm from the parent soma, the proportion of iso-orientation preferred boutons (41.8% of all boutons) was 8.5 times larger than the proportion of crossorientation preferred boutons (4.9% of all boutons). Conversely, at larger distances (400--1100 lm, shown by arrow in Fig. 4B ), the proportion of cross-orientation preferred boutons (18.7% of all boutons) was 1.9 times larger than the proportion of iso-orientation preferred boutons (9.8% of all boutons). Next, we carried out the same analysis for layer III/V cells (see Supplementary Fig. 3 ). The results showed that similar to layer IV cells, layer III/V pyramidal cells have strong iso-orientation preference near the somata (27.2% of all boutons were iso-and only 2.3% cross-orientation preferred). However, even in more distal regions (400--1100 lm away from the soma) where layer IV cells showed typically cross-orientation preference, layer III/ V cells provided chiefly iso-orientation connections (12.8% of all boutons were iso-and 8.5% cross-orientation preferred). The orientation distribution for both local and distal bouton was statistically different between layer IV and III/V cells (P < 0.01 by Fisher exact test). The above comparison between layer IV and layer III/V cells revealed that layer IV cells differ from those of flanking layers by establishing connections to a smaller proportion of iso-orientations and conversely to a larger proportion of cross-orientations.
Laminar Distribution of Boutons and Orientation Preference
For determining the relationship between laminar distribution of boutons and orientation preference, we calculated the proportion of iso-orientation preferred boutons per cell in 2 tiers of the cortex: layers II--III (upper tier boutons) and layers IV--VI (lower tier boutons). We found that neither the proportion of iso-orientation preferred boutons differ significantly between upper and lower tiers (P = 0.272) nor the proportion of upper tier boutons between SP and SS cells (Table 1) . In summary, the contribution of SP and SS boutons to the upper and lower tiers was quite similar, showing no significant difference in terms of iso-orientation preference.
Orientation Distribution of Bouton Clusters
In the above section, we examined all boutons of each cell without taking into account their fine-scale distribution, such as clustering, which has been recognized as a general feature of lateral connections (cf. Douglas and Martin 2004; Binzegger et al. 2007 ). The functional significance of bouton clusters has not yet been studied, and it is therefore tempting to examine whether there is any correspondence between the bouton clusters of layer IV cells and functional orientation maps.
For a better understanding of the spatial organization of boutons of layer IV spiny cells, we applied a cluster analysis based on the mean-shift algorithm (see Binzegger et al. 2007 ; for details, see Materials and Methods). Two examples of bouton clustering of layer IV cells are shown in Figure 5 . One of the cells (Fig. 5A ) emitted 1405 boutons, which could be partitioned into 7 distinct bouton clusters (Fig. 5A 2 ) . Each cluster had a sharp peak of preferred orientation, although the orientation distribution of all boutons was very wide and included iso-and cross-orientations (Fig. 5A 3 ,A 4 ). The other cell had 2780 boutons, forming 5 bouton clusters, all of which were confined to a narrow range of iso-orientations (Fig. 5B) . For most of the clusters analyzed here, such a sharp orientation tuning could be observed. In the next section, we will examine this point quantitatively (Fig. 7) .
The quantitative parameters of all 131 bouton clusters established by 23 layer IV neurons analyzed here are shown in Figure 6 (cf. Figs 3--5 in Binzegger et al. 2007 ). In general, the spatial extent of 61.4% of clusters was less than 500 lm in diameter, although 8% of clusters spanned more than 1000 lm (Fig. 6A) . The number of bouton clusters varied strongly from cell-to-cell (range: 1--15, Fig. 6B ), on average, 6 clusters were detected per cell. Total bouton number per cell did not significantly correlate with the number of clusters per cell. Because we did not exclude the linear parts of axon collaterals or low bouton density areas (i.e., each bouton was forced to be part of a cluster), the number of bouton clusters in our sample was larger than that reported by Binzegger et al. (2007) .
To investigate the impact of individual clusters on horizontal connections, we determined the relationship between cluster weight (proportion of boutons in individual clusters) and horizontal distance from the parent soma. Figure 6C shows that generally, the heavier of the cluster the closer its location was to the parent soma. According to our scheme, clusters located <400 lm from the soma were considered as proximal (clear iso-orientation dominance, see Fig. 4B ) and those >400 lm from the soma as distal (cross-orientation dominance up to 1100 lm, see Fig. 4B ). Additionally, proximal clusters (N = 38) commonly had larger cluster weight than distal clusters (0.35 ± 0.27 vs. 0.11 ± 0.13, P < 0.01). Nonetheless, the sum of cluster weight for distal clusters was 42% relative to total cluster weight. It is thus not surprising that while the largest and heaviest clusters were located in the vicinity of the soma, some heavy clusters were still found at relatively distal positions (see Fig. 6C ). Finally, we observed an inverse relationship between cluster rank and cluster weight (Fig. 6D) or diameter (Fig. 6E) , corroborating the findings of Binzegger et al. (2007) .
Orientation Specificity of Bouton Clusters
We wanted to determine what orientations were represented in single bouton clusters of the reconstructed neurons (Fig.  5A 3 ,A 4 ,B 3 ,B 4 ) . To examine the relationship between the bouton clusters and orientation preference, we used all but 4 small clusters, which were located outside of the stable area of orientation map (the omitted 4 clusters contained 9, 10, 45, and 58 boutons, respectively). Iso-, oblique-, and crossorientation preferred boutons were dominant, respectively, in 57, 27, and 43 clusters. For simplicity, the above cluster groups were named as iso-, oblique-, and cross-orientation preferred clusters, respectively. For the entire population, isoand cross-orientation preferred clusters were the most numerous; hence, we compared these 2 types of cluster populations to each other. We calculated the weighted proportion of iso-and cross-orientation preferred boutons (see eq. 1 in Materials and Methods) in individual clusters as a function of distance from the parent soma (Fig. 7A) . The proportion of iso-orientation preferred boutons in each cluster steeply decreased as a function of distance from the parent soma (Fig. 7A) , whereas the proportion of crossorientation preferred boutons changed little across distance, resulting in a stronger representation of cross-orientation than iso-orientation for distal connections (see also Fig. 4B ).
Next, in order to examine the orientation specificity of individual clusters, we calculated their tuning characteristics. In most cases, individual clusters were tuned to a narrow range of orientations, as exemplified by the clusters of 2 cells (Fig.  5A 4 ,B 4 ) . In order to quantify these observations, we defined a tuning index (TI) representing the proportion of boutons within the ±30°range centered at the highest peak of orientation distribution (ranging between 0 and 1). As shown in Figure 7B , the frequency distribution according to TIs is highly skewed toward the larger TI values (gray bar), indicating that most of the clusters are well tuned around the highest peak of the orientation distribution, irrespective of whether the peak represents iso-or cross-orientation. To test whether this sharp orientation tuning occurred by chance or not, we carried out a Monte Carlo simulation. According to this, individual bouton clusters (N = 127) were shifted randomly along the x and y axis of the orientation map for 10 000 repetitions and corresponding TI values were calculated. Then, the distribution was displayed (black bar in Fig. 7B ) and compared against that of the observed clusters. The results showed that the observed clusters were more sharply tuned around the peak orientation than the simulated cases (P < 0.05 tested by Kolmogorov--Smirnov test). In conclusion, different clusters of individual layer IV cells can occupy different orientations with sharp tuning.
Comparison against Pyramidal Cells of Other Layers
One of the main aims of the present study was to unravel the functional connectivity of layer IV cells and compare it with that of other layers. For a point of comparison, we also analyzed the clustering characteristics of 4 layer III and 2 layer V pyramidal cells. The bouton clouds of these cells could be partitioned into 4--12 clusters (9, 12, 9, 4, 6, and 6 clusters in each cell) using the same algorithm as for the layer IV cells ) and cross-orientation-preferred (filled circle) boutons of individual clusters (N 5 127 clusters) in relation to their distance from soma location. The weighted proportion was calculated as follows: the number of iso-or cross-orientationpreferred boutons in a given cluster was divided by the total number of boutons of the cell. Proximal clusters contained a high proportion of iso-orientation preferred boutons, whereas cross-orientation preferred boutons were dominant for clusters located more distally. The proportion of iso-orientation preferred boutons decreased steeply as a function of distance. (B) Bouton clusters of layer IV spiny neurons were highly orientation tuned. The horizontal axis indicates proportion of boutons within ±30 degrees around the peak orientation, called TI. More than half of the clusters showed [0.8 of TI (gray bars, N 5 127). Monte Carlo simulation (black bars, 10 000 repetitions) revealed that TI of the observed bouton clusters is significantly larger than the simulated case, suggesting bouton clusters were sharply tuned around the peak orientation (P \ 0.05 by Kolmogorov--Smirnov test).
described above. The basic parameters of the clusters are shown in Supplementary Figure 4 . Only one cluster was found outside of the stable orientation map area and was omitted from further analysis with regard to orientation preference.
Many bouton clusters of layer III/V cells were dominated by iso-orientation preferred boutons (N = 26) and only in 7 clusters did cross-orientation preferred boutons outnumber iso-orientation preferred boutons. In this respect, layer III/V cells differed significantly from layer IV cells, which had a larger proportion of cross-orientation preferred clusters (P < 0.05). The proximal ( <400 lm from parent soma) bouton clusters of layer III/V cells showed larger cluster weight values than distal clusters (proximal: 0.41 ± 0.34 vs. distal: 0.07 ± 0.09, P < 0.01) being similar to layer IV cells.
Furthermore, we calculated the weighted proportion of isoand cross-orientation preferred boutons for individual clusters and plotted the results against each other (Fig. 8A) . For layer IV cells, there was a higher occurrence of cross-orientation preferred clusters, in which iso-orientation was either not presented at all or only weakly (arrow in Fig. 8A ) than in the case of layer III/V cells.
To examine the contribution of all layer IV and III/V clusters in terms of iso-and cross-orientation preference, we calculated the sum of cluster weight for iso-or cross-orientation preferred clusters. For layer IV cells, the sum of cluster weight reached 0.64 (iso) and 0.22 (cross), and for layer III/V cells, cluster weight values reached 0.885 (iso) and 0.009 (cross).
The above analysis showed that layer IV cells provided more cross-orientation preferred clustered connections than iso-orientation dominated layer III/V cells. However, if weight of individual cross-orientation preferred clusters was much smaller than iso-orientation preferred ones, the connection strength via each cluster would be weak, since cluster weight reflects the proportion of boutons. Therefore, we compared the weight values of individual clusters for iso-and crossorientation preferred clusters. Indeed, for layer III/V cells, isoorientation preferred clusters had, on average, much larger cluster weight values than cross-orientation preferred clusters (0.20 ± 0.25 vs. 0.03 ± 0.03 for layer III/V cells, P < 0.05, Fig. 8B ), suggesting weak contribution of cross-orientation preferred clusters for their connections. In contrast, for bouton clusters of layer IV cells, cross-orientation preferred clusters had on average much larger weight than for layer III/V cells (P < 0.05), although still iso-orientation clusters weight was larger than that of cross-orientation preferred clusters (0.26 ± 0.26 for iso vs. 0.12 ± 0.11 for cross, P < 0.05). It indicated each cross-orientation preferred cluster would have large contribution for layer IV cell connections.
Discussion
Layer IV is the main cortical entrance of visual signals arriving from the dLGN, which are then processed and distributed. Hence, the functional significance of layer IV connections is of crucial importance, and knowledge of functional connectivity can shed light on fundamental properties, which are implicated in the emergence and maintenance of RF properties, such as orientation selectivity. Here, we report that despite the well-known orientation selectivity of layer IV cells (Gilbert 1977; Harvey 1980) , almost a third of layer IV spiny cells preferentially connected non--iso-orientation sites, particularly >400 lm away from the parent soma. In this respect, no difference between SP and SS cells was found. On the other hand, the bouton clouds of individual SP and SS cells could be partitioned into clusters, each of which showed sharp tuning of orientation preference. Comparison between layer IV and layer III/V spiny cells revealed that layer IV cells, on average, connected to a much larger proportion of cross-orientations with larger strength than their superficial and deep layer counterparts.
Methodological Considerations
Because our layer IV cells were extracellularly labeled, one might think that some axonal branches could not be recovered, especially at or near to the location of the injection sites, due to the high density of labeled processes hindering the tracing of fine-caliber axons. In this regard, it can be assumed that incomplete labeling of the axons would affect the apparent morphology and quantitative parameters of the reconstructed cells. However, we deemed that the effect was not severe, although we could not completely exclude the possibility that a few axon branches might be masked by the core of the injection sites. First, only those neurons were reconstructed which showed strong axonal labeling to the distal most end of the branches and hence we could be reasonably sure that the majority of the processes were recovered. Second, the cell body of the reconstructed neuron was at least 200 lm away from the injection site to avoid the dense injection cores. Third, the basic morphological properties and quantitative measures of all our cells were similar to those of earlier reports (Gilbert and Wiesel 1979; Martin and Whitteridge 1984; Anderson et al. 1994a; Hirsch et al. 1998; Smith and Populin 2001; Bannister et al. 2002) . However, the mean number of boutons of layer IV cells was 1843 in this study and~2500 in the study of Binzegger et al. (2004) . We assume that the above 20% difference can be largely attributed to sampling bias or to difference of neuron reconstruction process, such as identification of boutons. It is also possible that some fine structures were not labeled by the bulk injection.
Layer IV Spiny Cell Types
In the cat visual cortex, there are 2 dominant types of layer IV excitatory cells: SP and SS (Lorente de No´1922; O'Leary 1941; Gilbert and Wiesel 1979; Lund et al. 1979; Lund 1984; Martin and Whitteridge 1984; Anderson et al. 1993; Matsubara et al. 1996 , see also the above references for displaced pyramidal cells), although it is not known whether they functionally differ from each other. Our sample was also composed of these 2 types but lacked those cells with extremely short axons (Martin and Whitteridge 1984) . SP and SS types differed from each other in our study by only a few morphological parameters (see Table 1 ). This agrees with recent data obtained in primate visual cortex indicating no marked difference between SP and SS cell morphology with relation to cortical architecture (Callaway and Wiser 1996) . We concluded that for SP and SS cells, neither the spatial distribution of the boutons parallel to the cortical surface nor their relationship to the orientation map differ from each other (Figs 3 and 4) and from this we anticipate that these cells may have similar functional
properties. Notwithstanding, it should be mentioned that the presence of apical dendrite alone could represent a significant functional difference because SP cells can be expected to receive a set of inputs via their apical dendrites in layer II/III which otherwise is not reachable for SS cells. So far, the origin and distribution of synaptic inputs on the apical dendrites of SP type is not well known. Yousef et al. (1999) reported that the population of local connections provided by layer IV cells had an iso-orientation bias, whereas distal projections were quite heterogeneous. Their data are corroborated by the present findings for single cell data of SP and SS types. Here, we revealed cell-to-cell differences of heterogeneous orientation preference, according to which 7 of 23 cells established connections primarily to cross-orientation sites, typically, via their remote axon branches while all cells preferred iso-orientation sites near to the parent soma (Figs 3 and 4) . Contrary to layer IV cells, layer III and V cells were shown to possess a clear iso-orientation preference at all distances from soma location (Gilbert and Wiesel 1989; Malach et al. 1993; Bosking et al. 1997; Kisva´rday et al. 1997; Buza´s et al. 2006 , see also Fig. 8 and Supplementary  Fig. 3 ). In the study of Kisva´rday et al. (1997) , tracer was injected into layer III, and the number of boutons was counted for the population of excitatory cells extracellularly labeled to determine their orientation distribution. It was found that, on average, 59% of all boutons were located in iso-orientation domains, 30% in oblique-, and only 11% in cross-orientations. Applying the same quantification scheme for the entire layer IV data (sum of 23 cell) presented here, 53% of boutons were located in iso-, 22% in oblique-, and 26% in cross-orientations. On average, layer IV cells provided 2.4 times larger proportion of cross-orientation connections than layer III cells, and this difference was even larger for only remote layer IV connections where cross-orientation was represented by 43% of boutons (or almost 4 times more than in layer III) (Fig. 4B) .
Orientation Distribution of Boutons
In this regard, a closely related study by Mooser et al. (2004) demonstrated a very different connectivity of layer IV cells in the tree shrew visual cortex. They showed that layer IV axons possessed an axial bias that paralleled the orientation preference of overlying layer III cells. Although we could not detect such a spatial organization of layer IV axons in the cat, this can be explained by interspecies differences. For example, in the tree shrew primary visual cortex, layer IV cells are not orientation selective, whereas pronounced orientation selectivity is seen for virtually all layer IV neurons in the cat (for a review, see Chisum and Fitzpatrick 2004) . Furthermore, in the tree shrew, 90% of boutons were observed within 500 lm of radial distance from the center of injections, whereas in our study, almost half of the boutons (on average, 42%) were found >500 lm from the parent soma.
Bouton Clusters and Orientation Preference
To further explore the topography and architecture of single cell axons, we partitioned the boutons of individual axons using a simplified version of the cluster analysis algorithm introduced by Binzegger et al. (2007) and compared the distribution of individual clusters over functional maps. We found that many of the clusters were tuned to very narrow orientation ranges, representing either similar or different orientation to that of the parent cell (Fig. 7B) . Layer III/V cells also showed orientation specificity of bouton clusters. However, they were consistently iso-orientation tuned with the exception of a small number of boutons (Fig. 8) . Thus, it is likely that the functional specificity of single axon clusters is a robust characteristic of cortical excitatory neurons of all layers. For further understanding the significance of the bouton clustering, future studies should include the map characteristics of other functional attributes, such as direction preference and ocular dominance, in addition to orientation preference because multiple representations of visual attributes on cortical surface are interdependent (Yu et al. 2005) .
Functional Considerations
Different Orientation Linked by Layer IV Connections
The main finding of the present study is that layer IV spiny neurons can establish a relatively large proportion of crossorientation connections in remote regions via long axon collaterals, which in turn are able to link several orientations (Fig. 4) . In this regard, layer IV connections challenge the wellknown iso-orientation-based concept of corticocortical connections, which is derived from the strong iso-orientation preference of layer III lateral connections (see Gilbert and Wiesel 1989; Malach et al. 1994; Bosking et al. 1997; Kisva´rday et al. 1997) . Because layer III receives a major input from layer IV spiny neurons (Peters and Payne 1993; Ahmed et al. 1994; Anderson et al. 1994a Anderson et al. , 1994b Binzegger et al. 2004) , this raises questions about the mechanisms by which sharp orientation tuning is achieved in layer IV and then maintained in layer III. It is possible that layer IV spiny cells amplify orientation selectivity of the target cells via iso-orientation preferred local connections, while at remote sites sharpen orientation tuning via cross-orientation preferred connections (cf. Sillito 1979; Crook et al. 1997; Schummers et al. 2002; Monier et al. 2003; Marin˜o et al. 2005) . Another point related to this issue concerns target cell types. From a functional point of view, it would be important to reveal whether iso-orientation preferred connections terminate at other excitatory cells, as was demonstrated for pyramidal cells in layer III (Kisva´rday et al. 1986 ) and whether cross-orientation-preferred connections end at inhibitory basket cells (for review, see Kisva´rday 1992; Kisva´rday and Eysel 1993) . Basket cells are thought to mediate cross-orientation inhibition and be involved in the generation of orientation selectivity (Sillito 1979; Crook and Eysel 1992) . In this regard, we anticipate that the cross-orientation connections of layer IV spiny cells represent an excitatory counterpart of basket cells. Clearly, further efforts should be made to see what are the synaptic targets of layer IV spiny cells and their relationship to basket cell connections.
Link to Low-Level Visual Feature Interactions
The orientation diversity of layer IV spiny cell connections may relate to low-level contour integration which is known to be present in the primary visual cortex (for review, see Kova´cs 1996; Gilbert et al. 2000; Hess et al. 2003) . In this regard, 2 aspects of layer IV spiny cells should be taken into account: first, the spatial extent of the connections and secondly, the idea that visual contour integration involves complex features, such as corners and junctions. Regarding the spatial extent of the connections, the average radius (1.5 mm) corresponded to 2.9--7.8 degrees in visual space based on our unit recordings.
Considering the size of the aggregate RFs measured here (7.1 ± 3.1 degrees), layer IV horizontal axons could in fact link the socalled proximal surround RFs as well as overlapping RFs and therefore provide a morphological framework for contextual interactions.
For example, a background stimulus that covers the nonclassical RF can modify the cell response to the optimally oriented stimulus presented in the classical RF (Lamme 1995; Marcus and van Essen 2002; Schmid 2008) , when the background stimulus is cross-oriented, the cell response becomes facilitated (Knierim and van Essen 1992; Sillito et al. 1995; Jones et al. 2002; Shen et al. 2007 ). According to the above reports, the size of the surround stimulus can be 1--10 degrees larger than the classical RF indicating that this kind of interaction can occur between the very proximal surround RFs. It is well known that more distal surround RFs also interact with the center RF, however, the distal interaction might be beyond the range of horizontal connections (for review, see Angelucci and Bullier 2003) . One possible scenario could be that proximal surround RF interactions are due to suppression of inhibition in the RF center by surrounding inhibition. However, Sillito et al. (1995) found that synchronized firing between cross-oriented cell pairs may not represent disinhibition but rather facilitation, suggesting underlying excitatory connections. We think that such a facilitative action could be mediated partly by non--iso-orientation connections of layer IV spiny cells. In addition, layer IV spiny neurons may be involved in mechanisms that serve the integration of complex visual features, such as the detection of orientation discontinuity, for example, junctions and corners. Indeed, in early visual cortices, a substantial proportion of neurons can respond to 2 optimal orientations (Shevelev et al. 1994; Anzai et al. 2007 ). Again, it can be assumed that part of the interactions underlying the above properties derives from the heterogeneity of layer IV projections, which provide iso-and cross-oriented connections. Because layer III/V cells mediate relatively stronger isoorientation preferred connections (Fig. 8, Supplementary Fig.  3 ) than layer IV cells, they are less suited for mediating such RF interaction.
In addition to the above possible function, layer IV spiny neurons can participate in other RF interactions. Notably, visual cortical neurons detecting curved and angled contours must integrate many orientations of adjoining line segments (Shevelev et al. 1998; Ito and Komatsu 2004) . Recently, Samonds et al. (2006) reported that neuron pairs recorded in the primary visual cortex of the cat can display strong synchronous firing in response to a curved visual contour when it is presented across both RFs. Because the curved contour represented different orientations for the pair of cells, the related intracortical connections must contain non--iso-oriented connections. The layer IV spiny neurons examined here could be suitable candidates for this role due to providing cross-oriented connections.
Finally, it should be noted that the above functions require lateral connections, which are comparable in extent with the representation of cortical RFs. In this regard, previous data obtained in the primate visual cortex revealed that most of the connections in superficial layers fall within the range of RFs of their cells of origin (Angelucci et al. 2002) , suggesting that center/surround interactions, especially, at distal surround RFs, depend mainly on top-down or feed-back mechanisms (Angelucci and Bullier 2003; Brown et al. 2003; Schwabe et al. 2006; Ichida et al. 2007 ). However, again, there is a possibility of an interspecies difference for the circuit of visual signal processing in visual cortices, since orientation preference is well established in cat layer IV (Gilbert 1977; Harvey 1980) , whereas many of layer IV neurons do not show orientation preference in the primates (Hubel and Wiesel 1968; Blasdel and Fitzpatrick 1984; Chisum and Fitzpatrick 2004) . Obviously, further studies are required to reveal many unanswered questions to tease out the connectivity relationships of layer IV spiny neurons and their functional implications in visual perception.
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